Some peculiar structures in scattering angle-collision energy dependence of the alignment angle parameter have been found in data sets for zinc and cadmium atoms. They are accompanied by zeros of the shape parameter value, where the maximum angular momentum transfer occurs. The reported structures are also predicted in data for other atoms with two valence electrons. There is a need for theoretical predictions on impact energy and scattering angles corresponding to such conditions.
Introduction
A complete description of a scattering process of two quantum objects requires determination of complex scattering amplitudes depending on both the scattering angle and the collision energy. Electron impact excitation from S to P atomic state can be fully characterised by values of a differential cross-section and of a set of parameters such as the widely used electron impact coherence parameters (EICP): alignment angle γ, shape parameter P L and angular momentum transfer L ⊥ [1] . The so-called complete experiments on inelastic electron-atom collisions allow determination of the EICPs i.e. not only absolute values of scattering amplitudes that can be obtained from the relevant cross-sections, but also of their mutual phases. The latter determine the alignment angle of the excited atoms, a quantity directly measured by analysis of either angular distribution or polarisation of the fluorescence.
Measurements of the EICPs are generally timeconsuming especially at larger scattering angles where weeks of data integration is a common feature. Therefore, the experimental data are sparse, usually available for a limited set of few collisional energies. The same applies to numerical studies, usually covering the impact energies relevant for experimental research.
In spite of limited amount of data, attempts have been made to formulate broader interpretation of the EICPs in terms of "propensity rules" [2] [3] [4] . Those studies focused mainly on analysis of L ⊥ parameter, while less attention was paid to the alignment angle function due to its regular and quite predictable character. However, our analysis of available experimental and theoretical results demonstrates existence of special scattering conditions (scattering energy and angle), where unusual behaviour of this function may be expected with relatively narrow features. In some cases the discrepancies between EICP data sets could be explained by a slight shift in collision energy or scattering angle domain [5, 6] .
Electron impact coherence parameters
The complete definition of EICPs can be found in the seminal review article of Andersen et al. [1] . Briefly, if the atom is collisionally excited from S 0 ground to P 1 excited state, it can be described as a coherent superposition of the magnetic sub-states. In the so-called natural reference frame with the quantization axis perpendicular to the scattering plane only two of the sub-states yield non-zero contributions to the superposition and the excited P state of the atom can be described as
where the complex coefficients a ±1 represent the relevant excitation amplitudes.
The angular part of the electron charge cloud of the atom can be written in standard spherical coordinates as
where P L is shape parameter and γ is alignment angle [1, 4] . The two parameters are related to the excitation amplitudes by following formulae:
Another parameter needed for a complete description of the collision process is related to angular momentum transfer and defined as:
In the case of a fully coherent scattering process the parameters L ⊥ and P L fulfil equation
The main reason of common acceptance of the EICPs has been their direct relation to atomic observables and to geometrical properties of the electron cloud angular distribution of the excited atoms (see Fig. 1 ). Fig. 1 . Example of angular distribution of the electron charge cloud of an atomic P state. The p0 and p symbols represent momenta of incoming and scattered electron, Θ is the scattering angle, γ represents the alignment angle, and L ⊥ is the angular momentum transfer parameter. The shape parameter PL can be related to the length l and width w of the cloud.
According to Eqs. (3) and (4), P L and γ parameters can be seen as representing polar components of a complex product of the scattering amplitudes a * −1 a +1 (the 1 2 and 2 factors are conventional). The product is a function of the scattering angle and impact energy a * −1 a +1 = f (Θ, E).
If any of the two scattering channels is completely closed, the electron charge cloud is rotationally symmetric with respect to the z axis (P L = 0) and the alignment angle parameter γ becomes indefinable, while the angular momentum transfer parameter reaches the maximum value (±1). Moreover, in a vicinity of P L = 0 rapid changes of f (Θ, E) for the E and γ values can be expected resulting from changes in phase difference between a −1 and a +1 . Therefore, such regions seem of special interest for both experimental studies and theoretical modelling of the inelastic electron-atom collisions.
In the case of the excitation process of interest the alignment angle parameter is a continuous function of two scattering amplitudes (see Eq. (3)), thus adding or subtracting 180
• is meaningless from a point of view of physical interpretation. Its experimental and theoretical values are typically presented in the range of (−90
• , 90 • ), and from now on, we shall restrict the discussion to this interval only. Figure 2 shows an example of the predicted behaviour of the alignment angle as a function of both the scattering angle and the electron impact energy in the neighbourhood of arbitrarily chosen values of these parameters. Fig. 2 . Illustration of the predicted behaviour of the alignment angle for the impact energy and the scattering angle in the neighbourhood of arbitrarily chosen values of these parameters (see Eqs. (3) and (7)). The 2D colour map represents the same function (from −90
• red to +90
• blue). Additionally 2D projections are presented for two values of the impact energy corresponding to two different modes in changes of the alignment angle with the scattering angle: discontinuous descending (red points) and continuous ascending (black points).
It can be seen that there are characteristic patterns of changes of the alignment angle with the scattering angle at a fixed impact energy that can be summarized as follows: (i) continuous ascending (black points in Fig. 2 ), (ii) continuous descending, (iii) discontinuous descending (red points in Fig. 2 ) and (iv) discontinuous ascending. As illustrated in the 3D plots (Fig. 2) values of the alignment angle are distributed on a helical surface.
Analysis of alignment angle data
Typical EICPs dependence on the electron scattering angle does not change significantly with slight changes of the impact energy. However, as found at a detailed analysis of the existing data sets, there are exceptions from this rule. On several occasions it was found that the alignment angle functions change rapidly their character for two relatively close energies (see the 2D projections presented in Fig. 2) .
One of the examples is data set for e-Zn scattering at 60, 80, and 100 eV presented in Fig. 3 [7-10 ]. There is a clear difference between the patterns of the alignment angle changes at scattering angles around 150
• at the impact energies of 80 eV and 100 eV predicted by both the convergent close coupling model (CCC) and the relativistic distorted wave approximation (RDWA). The alignment angle function is clearly continuous at 100 eV (continuous descending) while for 80 eV it reaches values of −90
• and 90
• (discontinuous ascending). Thus, considering the impact energies between 80 eV and 100 eV one can expect a helical structure to occur for the scattering angle close to 150
• (at impact energy values corresponding to P L = 0). Moreover, for collision energy 60 eV the alignment angle function has again continuous descending character (as in case for 100 eV), therefore second helical structure between those energies is expected. Similar pattern (discontinuous and continuous functions) can be observed for the experimental data at the scattering angle of ca. 30
• , however, it is not reproduced by numerical data. To explain discrepancy between experiment and theories, one should take into account the P L function presented in Fig. 3 . The P L value at the scattering angle of ca. 30
• is very close to zero at the impact energy of 100 eV. Thus one can expect the rapid change of the gamma function behaviour in theoretical predictions for a little bit larger collision energy than 100 eV, for which it was observed in the experiment. In this area the helical course of changes of the alignment angle is expected. Therefore according to Fig. 2 in a proximity of the central point of this structure (in this case neighbourhood of 100 eV) small changes in the impact energy result in significant differences in γ.
Moreover, the relatively shallow minima of P L predicted by both the CCC and RWDA theories (for 100 eV and 80 eV impact energies) around the scattering angle of 150
• indicate a region of helical structure located between, but at a reasonable distance from either of the two energy values investigated so far.
Similar pattern is present in the theoretical data reported for the excitation of Cd atoms (Fig. 4) [6, 11, 12] . Around the scattering angle of ca. 140
• the shape of the alignment angle function significantly changes for different impact energies. Moreover, the theoretical predictions based on the CCC and RDWA approaches are quite inconsistent for the impact energies of interest.
The CCC model indicates a presence of one helical structure located at the impact energy value between 80 eV and 100 eV, while the RDWA calculations suggest existence of two such structures: one between 100 eV and 80 eV and the second between 60 eV and 80 eV. As could be expected, all these structures are associated with deep minima in P L (one according to the CCC and two for the RDWA predictions) shown in Fig. 4 .
In spite of relatively sparse EICPs data, similar patterns of the changes of the alignment angles (discontinuous and continuous) for two neighbouring collision energies, indicating a presence of the helical structures can also be found for other atomic species (see Table I ). The reported structures are predicted for different impact energies and a broad range of the scattering angles (see for example data for magnesium illustrated in Fig. 5 ). 
Conclusions
Theoretically predicted helical structures of the γ functions were found analysing existing EICPs data for zinc and cadmium. Similar patterns were also observed in the scattering angle-impact energy dependence of the alignment angle for other atoms with two valence electrons. Available sparse data sets do not allow for the exact determination of locations of those helical structures. It is, however, possible to define intervals of the collision energies and of the scattering angles where they might be found. Studies of the collisional dynamics within such regions could give a better insight into the phase relation between scattering amplitudes. Due to the great progress of computational techniques in recent years, it should be possible to find the helical structures on threedimensional maps of the EICPs prepared with sufficiently high resolution. Such data could be energetically and angularly convoluted to emulate finite experimental resolutions in both energy and scattering angle domains.
